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PROCEQURE FOR LAYERED LDPC DECODING
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LAYERED DECODER AND METHOD FOR
PERFORMING LAYERED DECODING

This application 1s a U.S. National Stage Filing under 335
U.S.C. 371 from International Application No. PCT/
RU2006/000154, filed Mar. 31, 2006 and published 1n
English as WO 2007/114°724 on Oct. 11, 20077, which appli-
cation and publication 1s incorporated herein by reference 1n
their entireties.

TECHNICAL FIELD

Some embodiments of the present mmvention pertain to
communication systems that use forward error-correcting
(FEC) techniques, including both wireless and wired com-
munication systems. Some embodiments of the present
invention pertain to data storage systems. Some embodiments
pertain to decoders including low-density parity check
(LDPC) decoders that perform layered decoding.

BACKGROUND

Communication systems employ various forms of FEC
techniques to compensate for errors at the receiver. In wire-
less communication networks, at the transmitter, additional
error-correcting bits, such as parity-check bits, may be added
to each block of data prior to transmission. At the receiver, the
additional bits are used by a decoder to help recover the
original data bits that were transmitted. Some wireless sys-
tems use low-density parity check (LDPC) codes, which are
linear block codes specified by a parity-check matrix. In some
cases, LDPC encoding may provide a coding gain that 1s
higher than some convolutional codes used by some wireless
networks. Some systems use LDPC codes that can be
decoded by layered LDPC decoding or turbo decoding with
message passing for block-permutation LDPC codes. Lay-
ered decoding of LDPC codes may further improve coding
gain of LDPC codes.

Layered decoding of LDPC coded signals 1s hardware and
processing intensive, resulting in increased weight, size,
complexity and/or power consumption. These can be signifi-
cant drawbacks, especially for portable wireless communica-
tion devices.

Thus, there are general needs for decoders and methods for
layered decoding of LDPC coded data that require less hard-
ware and/or are less processing intensive, as well as decoders
and methods for layered decoding of LDPC coded data that
use less power. There are general needs for decoders and
methods for layered decoding of LDPC coded data for wire-
less and wired communication systems, and decoders and
methods for layered decoding of LDPC coded data in data
storage systems.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a multicarrier receiver in
accordance with some embodiments of the present invention;

FI1G. 2 1s an operational diagram of a decoder in accordance
with some embodiments of the present invention;

FIG. 3 1s a flow chart of a procedure for layered LDPC
decoding 1n accordance with some embodiments of the
present invention;

FIG. 4 1s a block diagram of a data storage system in
accordance with some embodiments of the present invention.

DETAILED DESCRIPTION

The following description and the drawings suificiently
illustrate specific embodiments of the invention to enable
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those skilled 1n the art to practice them. Other embodiments
may incorporate structural, logical, electrical, process, and
other changes. Examples merely typily possible varnations.
Individual components and functions are optional unless
explicitly required, and the sequence of operations may vary.
Portions and features of some embodiments may be included
in, or substituted for, those of other embodiments. Embodi-
ments of the invention set forth in the claims encompass all
available equivalents of those claims. Embodiments of the
invention may be referred to herein, individually or collec-
tively, by the term “imnvention” merely for convenience and
without intending to limit the scope of this application to any
single invention or mventive concept 1f more than one 1s 1n
fact disclosed.

FIG. 1 1s a block diagram of a multicarrier receiver in
accordance with some embodiments of the present invention.
Receiver 100 receives radio-frequency (RF) signals through
antenna 101, processes the recerved signals, and generates
decoded bit stream 117. Recerver 100 1s illustrated 1in FIG. 1
as a multicarrier recerver which may receive and process
multicarrier signals, such as orthogonal frequency division
multiplexed (OFDM) signals and orthogonal frequency divi-
sion multiple access (OFDMA) signals, however the scope of
the invention 1s not limited 1n this respect.

Receiver 100 may include radio-frequency (RF) circuitry
102 to down-convert the received signals and analog-to-digi-
tal conversion (ADC) circuitry 104 to digitize the recerved
signals and generate digital time-domain signals 105.
Receiver 100 may also include frequency correction circuitry
106 to correct any frequency oifset present in the received
signals. In some embodiments, recerver 100 may also include
cyclic prefix removal circuitry 108 to remove a cyclic prefix
from frequency-corrected time-domain signals 107. Recerver
100 may also include Fourier-transform (FT') circuitry 110 to
perform a Fournier transform on digital time-domain signals
109 to generate frequency-domain signals 111. In some
embodiments, Fourier-transform circuitry 110 may provide a
frequency-domain signal for each subcarrier of a recerved
multicarrier communication signal. In some embodiments,
Fourier-transform circuitry 110 may perform a discrete Fou-
rier transtform (DFT), such as a fast Fourier transform (FFT),
although the scope of the mvention 1s not limited i this
respect.

Recetver 100 may also include frequency-domain channel
estimator 130 to generate channel estimates 131 for indi-
vidual subcarriers based on frequency-domain signals 111. In
some embodiments, channel estimates 131 may comprise
weights for each data subcarrier. Recewver 100 may also
include channel equalizer 112 to weight the subcarriers of
frequency-domain signals 111 based on channel estimates
131 to generate channel-equalized frequency-domain signals
113. In accordance with some embodiments, the application
of the weights by channel equalizer 112 may help compensate
for the etfects of the communication channel through which
the received signals may have propagated. In some embodi-
ments, channel equalizer 112 may substantially cancel the
effects of the communication channel. In some embodiments,
channel-equalized frequency-domain signals 113 may com-
prise a symbol, such as a quadrature-amplitude modulated
(QAM) symbol, for each data subcarrier, although the scope
of the mvention 1s not limited 1n this respect.

Receiver 100 may also include demodulator 114 to
demodulate channel-equalized frequency-domain signals
113 and generate bit metrics 1135 for each data subcarrier. In
some embodiments, symbol demodulator 114 may be a QAM
demodulator to demodulate QAM symbols. Recerver 100
may also include decoder 116 to perform an error-correction
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decoding operation on bit metrics 115 to generate decoded bit
stream 117. In these embodiments, bit metrics 115 may rep-
resent probabilities (e.g., soit bits rather than actual hard bits),
which may be decoded using a soft-decision decoding tech-
nique discussed in more detail below.

In some embodiments, decoder 116 may be a low-density
parity check (LDPC) decoder that performs layered decod-
ing. In some embodiments, a memory of decoder 116 1is
initialized with encoded input data and updated with sums of
updated extrinsic reliabilities. Decoded output data 1s pro-
vided from the memory after a predetermined number of
iterations. In some embodiments, a column-sum memory
may be initialized with encoded mmput data and may be
updated with sums of columns of updated extrinsic reliabili-
ties for each layer of an LDPC code. The updated extrinsic
reliabilities may be generated by processing differences
between current data in the column-sum memory and a layer
of the updated extrinsic reliabilities 1n a message memory. In
these embodiments, decoder 116 may provide decoded out-
put data corresponding to decoded bit stream 117 from the
column-sum memory after a predetermined number of itera-
tions. These embodiments of decoder 116 are discussed in
more detail below.

In some embodiments, decoder 116 may perform LDPC
layered decoding operations based on a parity-check matrix
for a predetermined LDPC code. Some LDPC codes suitable
for use by decoder 116 may include quasi-cyclic (QC) LDPC
codes 1n which the parity check matrix comprises square
submatrices that are either zero, unity, or cyclically-shifted
unity matrices, although the scope of the invention 1s not
limited 1n this respect.

In some embodiments, recerver 100 may also perform a
deinterleaving operation prior to the operation of decoder
116. In some of these embodiments, the deinterleaving opera-
tion may be a block demnterleaving operation on blocks of
hard bits or on blocks of bit metrics 115, although the scope of
the 1nvention 1s not limited in this respect. In some spread-
spectrum embodiments, recerver 100 does not need to include
cyclic-prefix removal circuitry 108, Fourier-transform cir-
cuitry 110, frequency-domain channel estimator 130 and
channel equalizer 112.

Although FIG. 1 illustrates some embodiments of the
present invention that are applicable to the communication of
wireless multicarrier communication signals, embodiments
of the present invention are applicable to the communication
of almost any type of wireless and/or wired (e.g., wireline)
communication signals 1including radio-frequency (RF)
transmission and optical signal transmission. Some embodi-
ments are applicable to spread spectrum signals including
code-division multiple access (CDMA) and complementary
code keying (CCK) signals. Some other embodiments of the
present 1nvention are applicable to data storage systems
which use LDPC codes to store data. These embodiments are
discussed 1n more detail below.

Although receiver 100 1s 1llustrated as having several sepa-
rate functional elements, one or more of the functional ele-
ments may be combined and may be implemented by com-
binations of software-configured elements, such as
processing elements including digital signal processors
(DSPs), and/or other hardware elements. For example, some
clements may comprise one or more microprocessors, DSPs,
application specific integrated circuits (ASICs), and combi-
nations of various hardware and logic circuitry for perform-
ing at least the functions described herein. In some embodi-
ments, the Tunctional elements of receiver 100 may refer to
one or more processes operating on one or more processing
clements.
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In some embodiments, receiver 100 may be part of a wire-
less communication device that may communicate OFDM
communication signals over a multicarrier communication
channel. The multicarrier communication channel may be
within a predetermined frequency spectrum and may com-
prise a plurality of orthogonal subcarriers. In some embodi-
ments, the multicarrier signals may be defined by closely
spaced OFDM subcarriers. Each subcarrier may have anull at
substantially a center frequency of the other subcarriers and/
or each subcarrier may have an integer number of cycles
within a symbol period, although the scope of the invention 1s
not limited 1n this respect. In some embodiments, receiver
100 may communicate in accordance with a multiple access
technique, such as OFDMA, although the scope of the inven-
tion 1s not limited in this respect. In some embodiments,
receiver 100 may be part of a wireless communication device
that may communicate using spread-spectrum signals,
although the scope of the mvention i1s not limited in this
respect.

In some embodiments, receiver 100 may be part of a com-
munication station, such as a WLAN communication station
including a Wireless Fidelity (WiF1) conununication station,
an access point (AP), or a mobile station (MS). In some
broadband wireless access (BWA) network embodiments,
receiver 100 may be part of a BWA network communication
station, such as a Worldwide Interoperability for Microwave
Access (WiMax) communication station, although the scope
of the invention 1s not limited 1n this respect as recerver 100
may be part of almost any wireless communication device. In
some embodiments, receiver 100 may be part of a portable
wireless communication device, such as a personal digital
assistant (PDA), a laptop or portable computer with wireless
communication capability, a web tablet, a wireless telephone,
a wireless headset, a pager, an instant messaging device, a
digital camera, an access point, a television, a medical device
(e.g., a heart rate monzitor, a blood pressure monitor, etc.), or
other device that may recerve and/or transmit information
wirelessly.

In some embodiments, the frequency spectrums for the
communication signals received by recerver 100 may com-
prise either a 5 gigahertz (GHz) frequency spectrum or a 2.4
GHz frequency spectrum. In these embodiments, the 5 GHz
frequency spectrum may include frequencies ranging from
approximately 4.9 to 5.9 GHz, and the 2.4 GHz spectrum may
include frequencies ranging from approximately 2.3 to 2.5
(G Hz, although the scope of the invention 1s not limited 1n this
respect, as other frequency spectrums are also equally suit-
able. In some BWA network embodiments, the frequency
spectrum for the communication signals may comprise re-
quencies between 2 and 11 GHz, although the scope of the
invention 1s not limited 1n this respect.

In some embodiments, recerver 100 may receive signals 1n
accordance with specific communication standards, such as
the Institute of Electrical and Electronics Engineers (IEEE)
standards including IEEE 802.11(a), 802.11(b), 802. ll(g)
802.11(h), and/or 802.11(n) standards and/or proposed speci-
fications for wireless local area networks, although the scope
of the mvention 1s not limited 1n this respect as they may also
be suitable to transmit and/or receive communications in
accordance with other techniques and standards. In some
BWA network embodiments, receiver 100 may receive sig-
nals in accordance with the IEEE 802.16-2004 and the IEEE
802.16(e) standards for wireless metropolitan area networks
(WMANSs), including variations and evolutions thereof,
although the scope of the mvention i1s not limited in this
respect as receiver 100 may also be suitable to transmit and/or
receive communications in accordance with other techniques
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and standards. For more information with respect to the IEE.
802.11 and IEEE 802.16 standards, please refer to “IEE.
Standards for Information Technology-Telecommunications
and Information Exchange between Systems™ I ocal Area
Networks—Specific Requirements—Part 11 “Wireless LAN
Medium Access Control (MAC) and Physical Layer (PHY),
ISO/IEC 8802-11: 1999, and Metropolitan Area Net-
works—Specific Requirements—Part 16: “Air Interface for
Fixed Broadband Wireless Access Systems,” May 2005 and
related amendments/versions.

In some embodiments, recerver 100 may communicate in
accordance with standards such as the Pan-European mobile
system standard referred to as the Global System for Mobile
Communications (GSM). Recetver 100 may also communi-
cate 1n accordance with packet radio services such as the
General Packet Radio Service (GPRS) packet data commu-
nication service. In some embodiments, receiver 100 may
communicate in accordance with the Universal Mobile Tele-
phone System (UMTS) for the next generation of GSM,
which may, for example, implement communication tech-
niques in accordance with 2.5 G and 3 G wireless standards
(sece 3GPP Technical Specification, Version 3.2.0, March
2000). In some of these embodiments, recerver 100 may
provide packet data services (PDS) utilizing packet data pro-
tocols (PDP). In some embodiments, recerver 100 may com-
municate in accordance with other standards or other air-

interfaces, including interfaces compatible with the enhanced
data for GSM evolution (EDGE) standards (see 3GPP Tech-

nical Specification, Version 3.2.0, March 2000), although the
scope of the invention 1s not limited 1n this respect.

In some multiple-input multiple-output (MIMO) embodi-
ments, recetver 100 may further include two or more receive-
signal paths. Each receive-signal path may have a separate
antenna, RF circuitry, and ADC circuitry, among other things,
although the scope of the mvention i1s not limited 1n this
respect. Antenna 101 may comprise one or more directional
or omnidirectional antennas, including, for example, dipole
antennas, monopole antennas, patch antennas, loop antennas,
microstrip antennas, or other types of antennas suitable for
reception of RF signals. In some MIMO embodiments, two or

(L) L4l

more antennas may be used. In some embodiments, instead of

two or more antennas, a single antenna with multiple aper-
tures may be used. In these embodiments, each aperture may
be considered a separate antenna. In some embodiments, each
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antenna may be effectively separated to take advantage of 45

spatial diversity and the different channel characteristics that
may result between each of the antennas and a transmitting,
wireless communication device. In some embodiments, the
antennas may be separated by up to Yo of a wavelength or
more, although the scope of the invention 1s not limited in this
respect.

FI1G. 2 1s an operational diagram of a decoder in accordance
with some embodiments of the present invention. Decoder
200 may be suitable for use as decoder 116 (FIG. 1), although
other configurations may also be suitable. Decoder 200 may
also be suitable for use 1n other receivers as well as suitable
for use 1n wireline communication devices and data storage
systems and devices.

In accordance with some embodiments, decoder 200

50

55

includes message memory 206 to store layers of blocks of 60

updated extrinsic reliabilities and column-sum memory 204
to store updated mput soit bits, which are referred to as
column-sum data. The layers of blocks of updated extrinsic
reliabilities stored 1n message memory 206 may correspond
to the layers of a parity check matrix associated with an LDPC
code. The blocks shown in message memory 206 and column-
sum memory 204 are intended to illustrate blocks of data.
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Decoder 200 also 1ncludes subtraction element 208 to sub-
tract a layer of updated extrinsic reliabilities 207 from corre-
sponding soit bits of column-sum data 205 from column-sum
memory 204. Decoder 200 also includes layer processor 212
to generate updated extrinsic reliabilities 213 from soft bits
209 provided by subtraction element 208. Decoder also
includes sum element 216 to add updated extrinsic reliabili-
ties 213 generated by layer processor 212 with soft bits 215 to
generate column-sum data 217 for storing 1n column-sum
memory 204.

In some embodiments, decoder 200 may also include mul-
tiplexer 202 to mitially route input data 201 to column-sum
memory 204. Multiplexer (MUX) 202 may subsequently
route column-sum data 217 from sum element 216 to column-
sum memory 204 after each of a plurality of subiterations. In
some embodiments, column-sum data stored 1n column-sum
memory 204 may comprise sums of updated extrinsic reli-
abilities, corresponding to one column in the parity check
matrix that may be currently stored in message memory 206.
This data may mnitially be summed with blocks of input data
201. In some embodiments, mput data 201 may comprise
input reliabilities, which may be referred to as either soft bits
or bit metrics. In some embodiments, mput data 201 may
correspond to bit metrics 115 (FIG. 1).

In some embodiments, during each subiteration, layer pro-
cessor 212 may recalculate the data stored 1n a layer of mes-
sage memory 206 to update the extrinsic reliabilities of that
layer. In some embodiments, for each subiteration, the extrin-
s1c reliabilities 1n the next layer of message memory 206 may
be provided to subtraction element 208, which may subtract
the extrinsic reliabilities 207 from soft bits comprising the
column-sum data stored in column-sum memory 204 for use
by layer processor 212 1n generated updated extrinsic reli-
abilities for that layer.

In some embodiments, for each of the subiterations, layer
processor 212 may generate updated extrinsic reliabilities
213 from soft bits 209 provided by subtraction element 208.
For each of the subiterations, sum element 216 may add
updated extrinsic reliabilities 213 generated by layer proces-
sor 212 for a current subiteration with soft bits 215 of prior
subiterations provided by subtraction element 208 to generate
column-sum data 217 for storage in column-sum memory
204. In some of these embodiments, decoder 200 may also
include delay element 214 to provide sum element 216 with
soit bits 2135 from the prior subiterations received from sub-
traction element 208 Soit bits 215 may comprise column-sum
data from the prior subiterations. This will allow sum element
216 to generate column-sum data for the current subiteration.
In some embodiments, delay element 214 may be a delay line,
although scope of invention 1s not limited 1n this respect.

In some embodiments, after a predetermined number of
iterations, some of the data stored 1n column-sum memory
204 may include a block of output data 225 corresponding to
a block of soft bits comprising mput data 201. In these
embodiments, the block of soit bits comprising input data 201
may have a greater number of bits than the block of output
data 225. FEach 1teration may comprise a number of subitera-
tions which may correspond to the number of layers of the
LDPC code. In some embodiments, when a block of 1mput
data 201 has a block of nxL soft bits, each block of output data
225 may have (n—m)xL output bits where L 1s the size of the
submatrices of the parity check matrix. The output bits may
be hard bits, although scope of invention 1s not limited 1n this
respect as the output bits may alternatively comprise soit bits.
In some embodiments, each block of output data 225 may
comprise an output data word. In some embodiments, L. may
range from 24 to 96, n may be 24 and m may range from 2 to
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12, although embodiments of the present invention are
equally applicable to lesser and greater values of L, n and m.

In some embodiments, when the number of subiterations
equals the number of layers of an LDPC code, the number of
layers may correspond to the number of layers (e.g., rows) 1n
message memory 206. For each subiteration, one layer of data
may be processed and updated by layer processor 212. The
number of total iterations performed to generate each block of
output data 225 may depend on code properties and may be
predetermined. In some embodiments, number of subitera-
tions may range from two to twenty and the number of 1tera-
tions may range from about ten to twenty or more, although
scope of invention 1s not limited 1n this respect.

In some embodiments, decoder 200 may also iclude con-
trol circuitry 210 to generate control signals 211A, 211B,
211C and 211D. Control signals 211C may cause multiplexer
202 to mitially route mput data 201 to column-sum memory
204 and to subsequently cause multiplexer 202 to route col-
umn-sum data 217 from sum element 216 to column-sum
memory 204 after each subiteration. Control signals 211A
may select a layer of updated extrinsic reliabilities from mes-
sage memory 206 for each subiteration and may address
clements 1n each block of the selected layer of message
memory 206 for subtraction element 208 as well as for the
storage of updated extrinsic reliabilities 213 1n message
memory 206. Control signals 211A may also exclude blocks
in message memory 206 corresponding to null submatrices of
the parity check matrix from subtraction element 208. Con-
trol signals 211B may select column-sum data from column-
sum memory 204 for each subiteration for subtraction ele-
ment 208 and may select a code word as output data 225 from
column-sum memory 204 after the predetermined number of
iterations.

In some embodiments, the updated extrinsic reliabilities
stored 1n message memory 206 may be initialized to zero for
cach block of mput data 201 received. The updated extrinsic
reliabilities stored 1n message memory 206 may comprise
extrinsic messages which are updated once for each subitera-
tion. In these embodiments, for each subiteration, layer pro-
cessor 212 re-computes the extrinsic reliabilities for one layer
of updated extrinsic reliabilities stored 1n message memory
206 based on one layer of the parnty check matrix that the
LDPC code 1s based on. In these embodiments, elements of
message memory 206 may be mitialized to zero prior to start
of a predetermined number of iterations, and may again be
initialized to zero after each code word of output data 225 1s
generated (1.e., after each predetermined number of total
iterations).

In some multicarrier and OFDM embodiments, input data
201 may be generated by demodulating a plurality of fre-
quency-domain symbol-modulated subcarriers correspond-
ing to channel-equalized frequency-domain signals 113
(FIG. 1) which may have been generated from a received
OFDM signal. In some other embodiments, input data 201
may be generated by demodulating digital modulated signals.
The digital modulated signals may have been generated from
analog signals that were either down-converted from an
antenna 1nput i a wireless system or from an analog channel
input in a wired system, although the scope of the invention 1s
not limited 1n this respect.

Unlike some conventional decoders which use a number of
adders based on a parity check matrix, decoder 200 uses two
adders (1.e., sum element 216 and subtraction element 208)
which may be independent of the parity check matrix.
Accordingly, decoder 200 may be suitable for use as a pro-
grammable decoder capable of decoding data based on mul-
tiple LDPC codes, although the scope of the invention 1s not
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limited 1n this respect. In some embodiments, decoder 200
may use several times less memory than some convention
decoders. Furthermore, decoder 200 does not need to perform
an additional calculation to determine the output data because
the decoding results are stored in column-sum memory 204
alter each subiteration as well as after each iteration.

In some of these programmable embodiments, the LDPC
code may be defined by control signals 211 A through 211D.
In these embodiments, control circuitry 210 may generate
control signals 211A through 211D from a parity check
matrix for a particular LDPC code. In these embodiments, the
parity check matrix may be stored in control circuitry 210. In
some embodiments, parity check matrix information may be
re-written 1n control circuitry 210 to allow for changing the
parity check matrix for different LDPC codes. In these
embodiments, control signals 211 A may determine the num-
ber of layers of the LDPC code and the positions of excluded
blocks (1.e., null submatrices 1n the parity check matrix).
Control signals 211A may also address elements 1n each
block for reading/writing, and/or specifying how elements in
cach block of a layer participate in parity checks. In these
embodiments, control signals 211B may address elements 1n
blocks of column-sum memory 204 and may determine the
relation of the addresses of extrinsic reliabilities and the
updated mput reliabilities. In these embodiments, control
signals 211B may also determine the size of an output data
word. In these embodiments, control signals 211C may deter-
mine the size of an mput codeword.

Although decoder 200 1s illustrated 1n FIG. 2 as having
several separate fTunctional elements, one or more of the func-
tional elements may be combined and may be implemented
by combinations of soitware-configured elements, such as
processing elements including digital signal processors
(DSPs), and/or other hardware elements. For example, some
clements may comprise one or more microprocessors, DSPs,
application specific integrated circuits (ASICs), and combi-
nations of various hardware and logic circuitry for perform-
ing at least the functions described herein. In some embodi-
ments, the functional elements of decoder 200 may refer to
One Or More processes operating on one Or more processing
elements. In some embodiments, the functional elements of
decoder 200 may be implemented 1n one or more field-pro-
grammable gate arrays (FPGAs).

FIG. 3 1s a flow chart of a procedure for layered LDPC
decoding 1n accordance with some embodiments of the
present invention. Procedure 300 may be performed by a
layered LDPC decoder, such as decoder 200 (FIG. 2),
although other decoder configurations may also be used to
perform procedure 300.

Operation 302 comprises 1nitializing a column-sum
memory with mput reliabilities. In some embodiments, as
part of operation 302, multiplexer 202 (FIG. 2) may imitialize
column-sum memory 204 (FIG. 2) with a block of soft bits of
input data 201 (FI1G. 2). In some embodiments, operation 302
may also mitialize message memory 206 (FI1G. 2) with zeros.

Operation 304 comprises subtracting messages from a
layer of a message memory from column-sum data in the
column-sum memory. In some embodiments, operation 304
may be performed by subtraction element 208 (FIG. 2) which
may subtract a layer of data of message memory 206 (FI1G. 2)
from the current data in column-sum memory 204 (FIG. 2).

Operation 306 comprises processing soit bits from opera-
tion 304 with a decoding algorithm to generate updated
extrinsic reliabilities. In some embodiments, operation 306
may be performed by layer processor 212 (FIG. 2) which may
operate on the output of subtraction element 208 (FI1G. 2). In
some embodiments, layer processor 212 (FIG. 2) may per-
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form a decoding algorithm based on one layer of a parity
check matrix for an LDPC code, although the scope of the
invention 1s not limited 1n this respect.

Operation 308 comprises storing the updated extrinsic reli-
abilities back 1n the message memory. In some embodiments,
the data in a current layer of message memory 206 (FI1G. 2)
may be replaced with the data generated 1n operation 306.

Operation 310 comprises summing the extrinsic reliabili-
ties with the results of operation 304 to revise the column-sum
data. In some embodiments, operation 310 may be performed
by sum element 216 (FIG. 2) and the updated extrinsic reli-
abilities from the prior iterations may be column-sum data
provided by delay element 214 (FIG. 2) so that data generated
in operation 310 may comprise the sums of the columns of the
data in message memory 206 (FI1G. 2).

Operation 312 comprises storing the results of operation
310 in the column-sum memory. In some embodiments, mul-
tiplexer 202 (FIG. 2) may be configured to route the output
from sum element 216 (FIG. 2) to column-sum memory 204
(FI1G. 2).

Operation 314 comprises repeating operations 304 through
312 for each layer of the LDPC code. In some embodiments,
operations 304 through 312 may be repeated once for each
layer 1n the message memory (1.e., once for each subitera-
tion).

Operation 316 comprises repeating operations 304 through
314 for a predetermined number of iterations. During opera-
tion 316, the extrinsic reliabilities of each layer of message
memory 206 (FIG. 2) may be updated each 1teration.

Operation 318 comprises providing a block of data from
the column-sum memory as a block of output data. In some
embodiments, operation 318 may comprise reading the data
from column-sum memory 204 (FIG. 2).

Operation 320 comprises repeating operations 302 through
318 for a next block of input data. In this way, a next block of
output data may be generated for a next block of input data.

Although the individual operations of procedure 300 are
illustrated and described as separate operations, one or more
of the individual operations may be performed concurrently,
and nothing requires that the operations be performed in the
order 1llustrated.

FIG. 4 1s a block diagram of a data storage system in
accordance with some embodiments of the present invention.
Data storage system 400 may include data-storage unit 402 to
store data encoded with a layered LDPC code. Data storage
system 400 may also include decoder 406 to decode blocks of
input data 405 retrieved from data-storage unit 402 to gener-
ate blocks of output data 407. In some embodiments, decoder
200 (FIG. 2) may be suitable for use as decoder 406, although
other decoder configurations may also be suitable. In some
embodiments, data storage system 400 may also include data-
reading unit 404 to read blocks of data 403 from data-storage
unit 402 and to provide blocks of data 403 to decoder 406 as
blocks of input data 405. In some embodiments, blocks of
input data 405 may comprise blocks of soft bits, and blocks of
output data 407 may be part of a bit stream. Data-storage unit
402 may include almost any machine-readable medium that
1s capable of storing digital data. In some embodiments, con-
trol circuitry 210 (FIG. 2) may generate control signals to
instruct data-reading unit 404 to read blocks of data from
data-storage unit 402.

Unless specifically stated otherwise, terms such as pro-
cessing, computing, calculating, determining, displaying, or
the like, may refer to an action and/or process of one or more
processing or computing systems or similar devices that may
manipulate and transform data represented as physical (e.g.,
clectronic) quantities within a processing system’s registers
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and memory into other data similarly represented as physical
quantities within the processing system’s registers or memo-
ries, or other such information storage, transmission or dis-
play devices. Furthermore, as used herein, a computing
device includes one or more processing elements coupled
with computer-readable memory that may be volatile or non-
volatile memory or a combination thereof.

Some embodiments of the imnvention may be implemented
1n one or a combination of hardware, firmware and software.
Embodiments of the imnvention may also be implemented as
istructions stored on a non-transitory computer-readable
storage medium, which may be read and executed by at least
one processor to perform the operations described herein. A
non-transitory computer-readable storage medium may
include any mechanism for storing information 1n a form
readable by a machine (e.g., a computer). For example, a
non-transitory computer-readable storage medium may
include read-only memory (ROM), random-access memory
(RAM), magnetic disk storage media, optical storage media,
flash-memory devices, and other non-transitory media.

The Abstract 1s provided to comply with 37 C.F.R. Section
1.72(b) requiring an abstract that will allow the reader to
ascertain the nature and gist of the technical disclosure. It 1s
submitted with the understanding that 1t will not be used to
limit or mterpret the scope or meaning of the claims.

In the foregoing detailed description, various features are
occasionally grouped together 1n a single embodiment for the
purpose of streamlining the disclosure. This method of dis-
closure 1s not to be interpreted as reflecting an intention that
the claimed embodiments of the subject matter require more
features than are expressly recited in each claim. Rather, as
the following claims reflect, invention may lie 1n less than all
features of a single disclosed embodiment. Thus, the follow-
ing claims are hereby incorporated mnto the detailed descrip-

tion, with each claim standing on its own as a separate pre-
terred embodiment.

What 1s claimed 1s:

1. A programmable decoder configurable to decode data
encoded with multiple different LDPC codes, the decoder
comprising:

control circuitry programmed with a parity check matrix
associated with one of the LDPC codes;

a message memory to store layers of blocks of updated
extrinsic reliabilities;

a column-sum memory to store soit bits comprising col-
umn-sum data;

a subtraction element to subtract a next layer of the updated
extrinsic reliabilities from corresponding soit bits of the
column-sum data;

a layer processor to recalculate data stored in the message
memory to update the extrinsic reliabilities of the next
layer from a soft-bit output of the subtraction element;
and

a sum element to add the updated extrinsic reliabilities
generated by the layer processor with a soft-bit output of
a prior subiteration provided by the subtraction element
to generate the column-sum data to be fed-back to
update the column-sum memory for each 1teration,

wherein the control circuitry 1s to cause the message
memory to exclude blocks of the updated extrinsic reli-
abilities from being provided to the subtraction element
that correspond to null submatrices of the parity check
matrix of the programmed LDPC code.

2. The decoder of claim 1 further comprising a multiplexer

to 1nitially route input data to the column-sum memory and to
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subsequently route the column-sum data from the sum ele-
ment to the column-sum memory after each of a plurality of
subiterations,

wherein the column-sum data comprises sums of updated

extrinsic reliabilities 1n the message memory summed
with the mput data.

3. The decoder of claim 2 wherein for each of the subitera-
tions, a next layer of the updated extrinsic reliabilities 1n the
message memory 1s selected, and

wherein the subtraction element subtracts the updated

extrinsic reliabilities of the selected next layer from col-
umn-sum data bits stored in the column-sum memory.

4. The decoder of claim 3 wherein for each of the subitera-
tions, the layer processor generates the updated extrinsic reli-
abilities from soft bits provided by the subtraction element,
and

wherein for each of the subiterations, the sum element adds

the updated extrinsic reliabilities generated by the layer
processor for a current subiteration with the soft bits of
the prior subiterations provided by the subtraction ele-
ment to generate the column-sum data for storage 1n the
column-sum memory.

5. The decoder of claim 4 turther comprising a delay ele-
ment to provide to the sum element soft bits from the prior
subiterations received from the subtraction element to allow
the sum element to generate column-sum data for a current
subiteration.

6. The decoder of claim 2 wherein the input data comprises
blocks of soft bits generated by a demodulator of a multicar-
rier recelver, and

wherein the decoder 1s a low-density parity check (LDPC)

decoder that implements layered LDPC decoding.

7. The decoder of claim 6 wherein after a predetermined
number of 1terations, a block of output data corresponding to
a block of soft bits comprising the input data 1s stored 1n the
column-sum memory, the block of soit bits comprising the
input data having a greater number of bits than the block of
output data, and

wherein each iteration comprises a plurality of the subit-

erations.

8. The decoder of claim 2 wherein the control circuitry 1s
configured to generate control signals to:

cause the multiplexer to imitially route the input data to the

column-sum memory and to subsequently route the col-
umn-sum data from the sum element to the column-sum
memory aiter each subiteration;

select a layer of updated extrinsic reliabilities from the

message memory for each of subiteration for the sub-
traction element;

select column-sum data from the column-sum memory for

each of the subiterations for the subtraction element;
select a code word as output data from the column-sum
memory after a predetermined number of iterations.

9. The decoder of claim 1 wherein the updated extrinsic
reliabilities stored 1n message memory are initialized to zero
and comprise extrinsic messages which are updated once for
each of the subiterations,

wherein for each subiteration, the layer processor re-com-

putes extrinsic reliabilities based on one row of a parity
check matnx.

10. The decoder of claim 1 wherein mput data for the
decoder 1s generated by demodulating a plurality of fre-
quency-domain symbol-modulated subcarriers generated
from a received orthogonal frequency division multiplexed

(OFDM) signal.
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11. A method of decoding blocks of soit bits with a pro-
grammable decoder configurable to decode data encoded
with multiple different LDPC code, the method comprising:

programming control circuitry with a parity check matrix

assoclated with one of the LDPC codes;

configuring a message memory to store layers of blocks of

updated extrinsic reliabilities;

imitializing a column-sum memory with input data;

updating the column-sum memory with sums of updated

extrinsic reliabilities generated by processing differ-
ences between current data in the memory and the
updated extrinsic reliabilities;

reading decoded output data from the memory after a pre-

determined number of iterations; and

causing the message memory to exclude blocks of the

updated extrinsic reliabilities from being subtracted that
correspond to null submatrices of the parity check
matrix of the pro rammed LDPC code.

12. The method of claim 11

wherein the method further comprises:

subtracting a layer of the updated extrinsic reliabilities

from corresponding soit bits of the column-sum data;
generating the updated extrinsic reliabilities from soit bits
provided by the subtracting; and

adding the updated extrinsic reliabilities to soit bits of prior

subiterations provided by subtracting to generate the
column-sum data to generate the soit bits comprising
column-sum data for storing 1n the column-sum
memory.

13. The method of claim 12 further comprising:

imitially routing the input data to the column-sum memory;

and

subsequently routing the column-sum data from the sum

clement to the column-sum memory aiter each of a
plurality of subiterations,

wherein the column-sum data comprises sums of updated

extrinsic reliabilities in the message memory summed
with the mput data.

14. The method of claim 13 wherein for each of the subit-
erations, the method further comprises:

selecting a next layer of the updated extrinsic reliabilities in

the message memory; and

subtracting the updated extrinsic reliabilities of the

selected next layer from column-sum data bits stored in
the column-sum memory.

15. The method of claim 14 wherein for each of the subit-
crations, the method further comprises:

generating the updated extrinsic reliabilities from soit bits

provided by the subtraction element; and

adding the updated extrinsic reliabilities generated for a

current subiteration with the soft bits of the prior subait-
erations to generate the column-sum data for storing 1n
the column-sum memory.

16. The method of claim 15 further comprising providing
soit bits from the prior subiterations to allow the generation of
column-sum data for a current subiteration.

17. The method of claim 13 wherein the input data com-
prises blocks of soft bits generated by demodulating a multi-
carrier receiver, and

wherein the mnput data 1s encoded with a low-density parity

check (LDPC) code.

18. The method of claim 17 wherein after a predetermined
number of iterations, a block of output data corresponding to
a block of soft bits comprising the input data 1s stored 1n the
column-sum memory, the block of soft bits comprising the
input data having a greater number of bits than the block of
output data, and
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wherein each iteration comprises a plurality of the subit-
erations.

19. The method of claim 13 further comprising generating

control signals to:

initially route the input data to the column-sum memory;

subsequently route the column-sum data from the sum
clement to the column-sum memory after each subitera-
tion;

select a layer of updated extrinsic reliabilities from the
message memory for each of subiteration for the sub-
tracting;

select column-sum data from the column-sum memory for
cach of the subiterations for the subtracting;

select a code word as output data from the column-sum
memory after a predetermined number of iterations.

20. The method of claim 12 further comprising mitializing,
any updated extrinsic reliabilities stored 1n message memory,
wherein the updated extrinsic reliabilities comprise extrinsic
messages that are updated once for each of the subiterations,

wherein for each subiteration, the method comprises re-
computing extrinsic reliabilities based on one row of a
parity check matrix.

21. The method of claim 11 wherein the mput data 1s
generated by demodulating a plurality of frequency-domain
symbol-modulated subcarriers generated from a received
orthogonal frequency division multiplexed (OFDM) signal.

22. A data storage system comprising;:

a data-storage unit to store data encoded with multiple
different a layered low-density parity check (LDPC)
codes; and

a programmable decoder to decode blocks of mput data
retrieved from the data-storage unit and to generate
blocks of output data, the decoder comprising control
circuitry programmed with a parity check matrix asso-
ciated with one of the LDPC codes, a message memory
to store layers of blocks of updated extrinsic reliabilities,
a column-sum memory to store soit bits comprising
column-sum data, a subtraction element to subtract a
next layer of the updated extrinsic reliabilities from cor-
responding soit bits of the column-sum data, a layer
processor to recalculate data stored in the message
memory to update the extrinsic reliabilities of the next
layer from a soft-bit output of the subtraction element,
and a sum element to add the updated extrinsic reliabili-
ties generated by the layer processor with a soit-bit
output of a prior subiteration provided by the subtraction
clement to generate the column-sum data to be fed-back
to update the column-sum memory for each iteration,

wherein the control circuitry 1s to cause the message
memory to exclude blocks of the updated extrinsic reli-
abilities from being provided to the subtraction element
that correspond to null submatrices of the parity check
matrix of the programmed LDPC code.

23. The data storage system of claim 22 wherein after a
predetermined number of iterations, a block of output data
corresponding to a block of soft bits comprising the input data
1s stored in the column-sum memory.

24. The data storage system of claim 23 further comprising
a data-reading unit to read the blocks of the input data from
the data-storage element, and

wherein the decoder further comprises:

multiplexer to 1imitially route the mput data to the column-
sum memory and to subsequently route the column-sum
data from the sum element to the column-sum memory
alter each of a plurality of subiterations,
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wherein the column-sum data comprises sums of updated
extrinsic reliabilities 1n the message memory summed
with the iput data.

235. The data storage system of claim 24 wherein for each of
the subiterations, a next layer of the updated extrinsic reli-
abilities 1n the message memory 1s selected, and

wherein the subtraction element subtracts the updated
extrinsic reliabilities of the selected next layer from col-
umn-sum data bits stored in the column-sum memory.

26. A multicarrier receiver comprising;:

a demodulator to generate soft bits by demodulating sub-
carriers ol multicarrier communication signals; and

a programmable decoder configurable to decode data
encoded with multiple different LDPC codes, the
decoder comprising;:

control circuity programmed with a parity check matrix
associated with one of the LDPC codes;

a message memory to store layers of blocks of updated
extrinsic reliabilities;

a column-sum memory to store soft bits comprising col-
umn-sum data;

a subtraction element to subtract a next layer of the updated
extrinsic reliabilities from corresponding soit bits of the
column-sum data;

a layer processor to recalculate data stored in the message
memory to update the extrinsic reliabilities of the next
layer from a soft-bit output of the subtraction element;
and

a sum element to add the updated extrinsic reliabilities
generated by the layer processor with a soft-bit output of
a prior subiteration provided by the subtraction element
to generate the column-sum data to be fed-back to
update the column-sum memory for each 1teration,

wherein the control circuitry 1s to cause the message
memory to exclude blocks of the updated extrinsic reli-
abilities from being provided to the subtraction element
that correspond to null submatrices of the parity check
matrix of the programmed LDPC code.

27. The multicarrier recerver of claim 26 wherein the

decoder further comprises:

a multiplexer to mitially route mput data comprising soft
bits provided by the demodulator to the column-sum
memory and to subsequently route the column-sum data
from the sum element to the column-sum memory after
cach of a plurality of subiterations,

wherein the column-sum data comprises sums of updated
extrinsic reliabilities 1n the message memory summed
with the mput data, and

wherein after a predetermined number of iterations, a block
of output data corresponding to a block of the soft bits
comprising the mput data 1s stored 1n the column-sum
memory.

28. The multicarrier receiver of claim 27 wherein for each
of the subiterations, a next layer of the updated extrinsic
reliabilities in the message memory 1s selected, and

wherein the subtraction element subtracts the updated
extrinsic reliabilities of the selected next layer from col-
umn-sum data bits stored 1n the column-sum memory.

29. A non-transitory computer-readable storage medium
that provides instructions, which when accessed, cause one or
more processors to perform operations for decoding data
encoded with multiple ditferent LDPC codes, the operations
comprising;

programming control circuit with a parity check matrix
associated with one of the LDPC codes:

configuring a message memory to store layers of blocks of
updated extrinsic reliabilities;
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initializing a column-sum memory with 1input data;

updating the column-sum memory with sums of updated

extrinsic reliabilities generated by processing differ-
ences between current data in the memory and the
updated extrinsic reliabilities;

reading decoded output data from the memory after a pre-

determined number of iterations; and

causing the message memory to exclude blocks of the

updated extrinsic reliabilities from being subtracted that
correspond to null submatrices of the parity check
matrix of the programmed LDPC code.

30. The non-transitory computer-readable storage medium
of claim 29 wherein the memory comprises a column-sum
memory, and

wherein the instructions, when further accessed, cause the

machine to:

store layers of blocks of updated extrinsic reliabilities 1n a

message memory;

subtract a layer of the updated extrinsic reliabilities from

corresponding soit bits of the column-sum data;

5
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generate the updated extrinsic reliabilities from soit bits
provided by the subtracting; and
add the updated extrinsic reliabilities to soft bits of prior
subiterations provided by subtracting to generate the
column-sum data to generate the soit bits comprising
column-sum data for storing 1 the column-sum
memory.
31. The non-transitory computer-readable storage medium
of claim 30 wherein the instructions, when further accessed,

10 cause the machine to:

15

imitially route the input data to the column-sum memory;
and

subsequently route the column-sum data from the sum
clement to the column-sum memory after each of a
plurality of subiterations,

wherein the column-sum data comprises sums of updated
extrinsic reliabilities 1 the message memory summed
with the mput data.
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